Abstract -The characteristic of man in the loop has always brought lots of difficulties for the control of exoskeleton. To solve these, a hybrid control method based on human-machine interaction force (HMIF) is proposed and applied to the control of lower limb exoskeleton in this paper. We innovatively combine ground contact pressure and body contact force together and give full play to their respective advantages. With the virtual modification of human limb impedance properties, the nature of the human body energy saving with exoskeleton is revealed. One of the greatest strengths of this control strategy is that exoskeleton is able to perceive and anticipate the pilot intended motion in real time, thereby decrease the power consumption of pilot and provide most of the strength necessary for human walking. The simulation results demonstrate the feasibility and validity of the proposed control strategy. The exoskeleton can follow the pilot's motion trajectory and minimize the body contact force without the exact dynamic model.
I. INTRODUCTION
Recently, the coupling of human extremities with robotic devices has received increased attention. Focusing on the lower extremity exoskeleton, the control methods for power assist are usually based on obtaining an estimate of the user's intended motion in real time. Several exoskeleton design approaches have employed hydraulic actuators to power hip, knee and ankle joints in the sagittal plane [1] [2] . One of the most successful examples in this category is the Berkeley lower extremity exoskeleton (BLEEX) [3] . BLEEX uses a control method named sensitivity amplification control , which is a novel control scheme that and provide most of the assistant force and does not require sensor interfaces between the human and machine was applied. However, BLEEX needs a exact dynamic model of exoskeleton, which cannot deal with the influence of the model uncertainties [4] . Another advanced system for lower-limb assist is the wearable robot HAL (Hybrid Assistive Limb) developed by Sankai [5] , which is based on the muscles' electromyographical (EMG) activity to estimate the user's intended motion and has been implemented with varying levels of success. However, due mainly to the nature of the EMG signal, the accurate estimation of torque from EMG is a challenging task requiring the characterization of several muscles, plus separating extraneous components affecting the EMG signal, such as electrical noise, ambient noise and motion artifact [6] . At the University of Delaware the assist-as-needed approach is studied on a unilateral exoskeleton (ALEX), actuated by servo motors and controlled by a force field controller [7] . However, most of the exoskeleton control schemes often ignore an important feature: the two opposite control characteristic and the demand of legs in the process of walking. That is the load-bearing characteristic of the stance leg and the swing leg needs relatively small torques and high bandwidth.
In this paper, we establish the basic framework for a novel hybrid control method for lower-limb assistive exoskeletons based on HMIF, which combines the advantages of the two kinds of interactive force information, and remove their faults. One of the greatest strengths of this control strategy is that the characteristic of human walking gait is fully considered. Consequently, the exoskeleton actuators provide most of the strength necessary for walking while the human provides an intelligent control system for the exoskeleton. Fig. 2 shows a simplified diagram of human walking gait, with terms that will be used throughout this paper. During the human walking cycle, each leg alternates between a stance phase when the foot is on the ground, supporting load and a swing phase when the foot is in the air. For a single leg, the walking gait cycle is divided into a load support period and an unloaded swing period. Support period has characteristics of bearing and can be divided into three stages: single support phase, double support phase and double support with one redundancy phase. The scale of support period is larger than swing period, which accounts for about 60% of the entire cycle, while swing period is 40%. During the support period, On the one hand, the stance leg should have characteristics of load-bearing, not only does it has to overcome its own gravity, but also supports the entire torso and payload [8] . On the other hand, the stance leg goes through a relatively small range of motion. So the stance leg needs large torques and relatively low bandwidth in the support period. However, the swing leg undergoes large motions but it is only supporting its own weight in the swing period. Therefore, the swing leg needs relatively small torques and high bandwidth. In order to obtain better assistive capabilities, using exoskeleton to provide most of the strength necessary for human walking, the two opposite control characteristic and the demand of two legs must be considered in the control scheme of exoskeleton. However, most of the exoskeleton control schemes often ignore it. Obviously, the easiest and best way is using two different controllers and parameters to control the stance leg and swing leg respectively. Furthermore, we should use two different approaches to perceive and anticipate the pilot intended motion.
II. ANALYSIS OF HUMAN GAIT CYCLE

III. HYBRID CONTROL METHOD BASED ON HMIF
In this paper HMIF is used to anticipate the pilot intended motion in real time, which is comprised of ground contact pressure (GCP) and body contact force (BCF). Both of them can detect the intentions of the human body movement. The prominent advantage of GCP signal is it can guarantee the consistency of the movement between human lower limbs and the leg of exoskeleton, which is critical to the load-bearing characteristic of the stance leg. Because it is more conducive to ensuring that exoskeleton can help the human to bear the weight, and not to add the extra load on the human body. Nevertheless, BCF signal cannot ensure movement consistency. Because only the human body has first certain movement trend some energy consumption will produce BCF. But the GCP signal also has its own shortcomings: first, rely on GCP information perceive and predict human movement intention is very complex, which need to adopt some intelligent algorithm to realize. This will inevitably affect the control effect of real-time. Second, due to the swing leg cannot contact with the ground, GCP signal is unable to perceive human movement information during the swing period. So it is not suitable for the control of the swing leg. However, during the swing period, BCF information can be a very good prediction of human body movement intentions and the speed of perception is very quickly. Consequently, BCF control is very suitable for the demand of the high frequency response of the swing leg [9] [10] .
So a hybrid control method based on HMIF is proposed, which combines the advantages of the two kinds of interactive force information, and remove their faults. GCP signal is applied to the leg when it is in the support period and BCF is used for the control of the swing leg. Fig. 2 shows the control diagram designed in this paper, which is comprised of three main parts: human motion perception, trajectory tracking controller and gait identifier. 
A. Swing Phase: The Perception of Motion Based on BCF
BCF is used to issue the trajectory command of the swing leg. Because it can directly establish the relationship between interaction torque and the angular velocity of human joint from the perspective of mechanical impedance. For the actual implementation of the exoskeleton we have chosen an admittance-based trajectory command generator and a BCF sensor measures the interaction force in the feedback loop with exoskeleton and pilot. Actually, BCF control is a kind of impedance control.
1) Human mechanical impedance:
Mechanical impedance is the measure of how much a structure resists motion when subjected to a given force. The mechanical impedance of a point on a structure is the ratio of the force applied at a point to the resulting velocity at that point, which is the inverse of mechanical admittance. For the rotation system, mechanical impedance is the ratio of incentive torque to the resulting angular velocity [11] . Fig. 3 shows a model of the mechanical impedance around operator's knee joint and a 1-DOF exoskeleton designed to assist the motion of the knee joint. The illustrated exoskeleton includes a hydraulic cylinder and exoskeleton frame is coupled to the ankle of the human body.
When there is no exoskeleton, a certain muscle torque h τ is needed in order to produce a desired velocity response ω , the differential equation governing the motion of the human is 
The "h" subscript refers to "human". From (3) we can see mechanical impedance is a complex quantity. The real part, the mechanical resistance, is independent of frequency if the dissipative forces are proportional to velocity; the imaginary part, the mechanical reactance, varies with frequency, becoming zero at the resonant and infinite at the antiresonant frequencies of the system. In the same way, the exoskeleton's impedance is
which is comprised of an inertia moment exo I (related to the exoskeleton's shank), a damping factor exo B and an elasticity coefficient exo K [9] . Fig. 3 Model of the mechanical impedance around operator's knee joint and a 1-DOF exoskeleton designed to assist the motion of the knee joint.
2) Virtual modification of the human limb's impedance properties:
The aim of exoskeleton is to provide assistance for the human body. The best way is exoskeleton is able to transmit energy to the human's limb. When the exoskeleton is detached from the human limb, a certain muscle torque h τ is needed in order to produce a desired velocity response ω .
However, when the exoskeleton is coupled with the human limb, the interactive torque C τ between the exoskeleton and human can be modeled in order to choose appropriate virtual impedance parameters that make the exoskeleton assistive to the pilot. In other words, the pilot needs to provide a muscle torque of only
is the assistance coefficient ( 0 1 A < < ), to execute the same velocity ω . The rest of the necessary torque is provided by the exoskeleton. Consequently, the exoskeleton can be used to produce a virtual modification of the human leg's impedance. 
The exoskeleton scales down the human limb's impedance by adding to it a virtual impedance variation
Obviously, 
The human impedance parameters h I , h B , h K can be estimated by an appropriate method such as system identification based on least-squares approximation. Fig. 4 The linear model of the coupled 1-DOF human-exoskeleton system.
B. Stance Phase: The Perception of Motion Based on GCP
GCP control is applied to the leg when it is in the support period, which is comprised of a radial basis function neural network identifier (RBFNNI). It is used to establish nonlinear prediction model between GCP signal and the human joint angle as well as provide the desired joint angle GCP θ to the GCP controller.
1) The Structure of RBF Neural Network: The RBF neural network is a typical local approaching network, which has fast convergence, strong generalization and simple structure [12] . The basic structure of a RBF neural network with n inputs and one output is shown in Fig. 5 , where n and m respectively represent the sum of input nodes and hidden nodes. Suppose that input vector ( )
According to gradient descent method, iterative algorithm of weights, node center and node radial parameters are as follows:
( )
Where η is learning rate, α is momentum gene.
C. The Implementation of Trajectory Tracking Controller
Trajectory tracking controller is used to control the motion of hydraulic cylinder, which employs conventional PID controller. The schematic of it is shown in Fig. 6 .The hydraulic cylinder installed between the exoskeleton thigh and calf provides the needed torque at the knee joint. The knee angle measured by the angle sensor is transformed to the position of hydraulic cylinder by the control center. When the controller sends a command to change the current of the serve valve, the flow through the valve could be changed proportionally. Through this method, the position of hydraulic cylinder is controlled to move along the track get from the knee angle, as shown in (20). The designing of hydraulic system needs to know the load force, so it's need to get the needed force output of the hydraulic cylinder when the hydraulic cylinder moves along the track, as shown in (21). 
Note that p r denotes the piston's distance from the initial position when the human is standing upright, 0 l denotes the maximum length of the hydraulic cylinder, 1 l denotes the distance hydraulic cylinder mount point on the exoskeleton thigh to the exoskeleton knee joint, and 2 l denotes the distance hydraulic cylinder mount point on the exoskeleton calf to the exoskeleton knee joint, as in Fig. 6 . 
D. The Function of Gait Identifier
We use foot pressure sensors to detect, heel F and toe F , the pressure of toe and heel respectively. Then, with this information, the gait identifier is used to identify the stage of human walking. information from the sensors in the exoskeleton's foot sole, to determine which phase exoskeleton is operating in and which of the three dynamic models is applied to the controller [13] .
2) Distinguish control mode: If in support period, we adopt GCP control, through GCP to perceive human movement intentions, and make the calculated torque from GCP controller GCP τ as the joint drive torque of the exoskeleton. If in swing period, we use BCF to detect the intentions of the human body movement, and make the calculated torque from BCF controller BCF τ as the joint drive torque of the exoskeleton. At any instant, for any powered joint, only one control method is determining the control signal.
IV. SIMULATION EXPERIMENTS
A. Human Walking Simulation
We use AnyBody Modeling System to simulate and analysis the human walking process. So as to obtain the GCP signal and the relationship between it and the knee joint angle. The AnyBody Modeling System is not only a professional musculoskeletal modeling system, but also a kinematics and kinetics analysis system. As shown in Fig. 7 , we set up the human model and the surface contact model between the legs and ground in AnyBody environment, then, using AnyFunction of it to build pressure grid, every grid as a cell. At last, we build force nodes for load application on each cell and use the clinical gait analysis (CGA) data as the input of each joint. Fig. 8 shows the left knee angle in one gait cycle. The amount of pressure of each cell is distributed to all the force nodes of the model according to a bell-shape function of the horizontal distance. The simulation result of the GCP of the left foot in one gait cycle is shown in Fig. 9 , which includes the pressure of heel, the pressure of toe and the total pressure of the foot. In the next stage of the simulation, we use them as known conditions to verify the effectiveness of the proposed control method. Fig. 9 The GCP of left foot in one gait cycle.
B. Trajectory Tracking Performance of Exoskeleton
In the simulation of exoskeleton, trajectory tracking tasks can be a useful tool to evaluate the effect of exoskeleton assist on the auxiliary support and kinematic response of the lower limb. In order to verify the effectiveness of the proposed control method, taking the trajectory of knee joint as an example, we use the CGA data as the desired trajectory of the pilot and the value of GCP from AnyBody to check the tracking performance of exoskeleton. The simulations were come out using a fourth order Runge-Kutta algorithm with a step size 0.01sec, and simulation time is 5sec. [14] . The assistance coefficient =0. 8 A , this means exoskeleton can save 20% energy for the human, and user only need to provide 80% of the original muscle torque. Use (8), (9) and (10) 3) The result analysis of simulation: The tracking performance is shown in Fig. 10 . The knee angle of exoskeleton is coincide with the knee angle of human very well. On the one hand, the result demonstrates the effectiveness of identification result of the RBFNNI, which can perceive and anticipate the pilot intended motion in real time using GCP signal. On the other hand, the result also shows the feasibility of BCF control to issue a trajectory command, which is based on the interaction force to modify the virtual human limb's impedance properties and uses it to issue a trajectory command.
V. CONCLUSIONS
In this paper, with fully considered the two opposite characteristic and the demand for control of the support and swing leg, a novel hybrid control strategy for walking assistive exoskeleton based on HMIF is presented. One of the greatest strengths of this control strategy is that exoskeleton is able to perceive and anticipate the pilot intended motion in real time, so as to achieve decrease the pilot's power consumption and assist the pilot to carry heavy load. The simulation results also demonstrate the method can control the exoskeleton tracking the pilot's motion trajectory without the exact dynamic model and show the good ability in auxiliary support and kinematic response. However, further development is still necessary to verify the effectiveness of the proposed control method from an energy consumption standpoint.
